BGS 102, a guidance material for bioaccessible arsenic (As) and lead (Pb), was produced during validation of the in vitro Unified Bioaccessibility Method (UBM). This paper reports a compilation of reproducible bioaccessible guidance values for fifty-five additional elements in BGS 102, providing guidance for analysts to broaden the scope of UBM analyses for a wider range of elements based on data collected over an average of 60 separate analytical batches per element. Data are presented in categories for both gastric (STOM) and gastrointestinal (STOM+INT) extraction phases, where reproducibility, measured as relative standard deviation (RSD) was; ≤10% RSD for 27 elements (Mg,
Introduction
The in vitro Unified Bioaccessibility Method (UBM) is the result of extensive work carried out by the Bioaccessibility Research Group of Europe (BARGE) to develop a validated method for the assessment of the human health risk associated with ingestion and subsequent gastro-intestinal digestion of contaminated soils. 1 The total concentration of a metal present in a sample is not an effective measure of the mass that an organism can absorb through digestion; as a result there is a need to identify a bioaccessible proportion that has the potential to affect an organism. 2 Bioaccessibility testing is commonly used as a substitute for bioavailability testing due to decreased costs, quicker turnaround and suitability in a commercial context. 3 Due to the lack of reference materials with certified bioaccessible concentrations/fractions, a number of soil reference materials have been used as controls for in vitro studies. 4 NIST 2710a (Montana Soil) or 2711a (Montana Soil II) are the most widely used 5 , but their bioaccessible fractions (%BAF) are limited to a small number of elements such as arsenic (As) and lead (Pb), and are only intended as reference values to confirm the accuracy of a bioaccessiblity procedure. As part of the UBM validation procedure a method-specific guidance material, BGS 102, was prepared at the British Geological Survey (BGS).
6
Through inter-laboratory testing a guidance value was determined for As in both gastric and gastrointestinal extraction phases and for Pb in the gastric phase. However, many sitespecific contaminated land risk assessments require the analysis of additional elements to fully evaluate the potential risk to human health. 7 The aim of this study is to assess the performance data of long-term analyses of BGS 102 to establish bioaccessible reference values for elements outside of the material's certification, creating a framework for future inter-laboratory comparison. The expansion of the range of elements beyond those on BGS 102's certificate to include elements that are typically used in contaminated land risk assessment would ensure a more comprehensive soil evaluation, and could increase the applicability of the UBM method to inform further research areas such as food security and micro-nutrient deficiency 8,9,10,11,12,13 , as well as assessment of exposure routes for other potentially harmful elements (PHEs).
14, 15
Micronutrient deficiencies (MNDs) can provoke the onset of physiological disorders, such as thyroid dysfunction (iodine deficiency) 16 , anaemia (Fe deficiency) 17 and disruption of enzymatic and metabolic processes (Zn deficiency). 13 Micronutrient deficiencies are more prevalent in developing countries due to predominantly plant-based diets, with low transfer of micronutrients into crops resulting in insufficient concentrations to fulfil an individual's daily intake requirements. 18 The impact of MNDs on a population is most commonly assessed using dietary surveys 19 , but this approach can be unreliable if inaccurate consumption data are reported by participants. 20 In addition, these surveys cannot account for extraneous sources of micronutrients (e.g. soil dust contamination), which can have a significant, but ultimately undesired, contribution towards overall dietary intake. 18 Bioaccessibility testing could be used to discriminate between intrinsic (e.g. plant-based) and extrinsic (e.g. soilbased) micronutrient sources, leading to better estimation of dietary intake. The change in extrinsic bioaccessibility due to modification of agricultural practices (biofortification, pH adjustment) could also be evaluated, resulting in more comprehensive dietary intake information and potentially greater control over exposure to extrinsic sources of micronutrients.
21
The release of PHEs into the environment through mining activity is well documented.
22,23
The use of biomarkers can be beneficial when comparing exposure within populations.
24
Biomarkers can only indicate short or long-term exposure to PHEs
25
, and so additional diagnostic procedures are required to identify routes of exposure. Bioaccessibility testing could be used to indicate PHE adsorption from a number of pathways, including geophagy practices 26 and ingestion of extraneous dust through hand-to-mouth contact. 27 It could also reinforce soil screening studies discriminating between lithogenic and anthropogenic sources of metals. 28 Additional guidance values for BGS 102 would increase the number of elements that could be reliably investigated, therefore expanding the scope of existing research and/or producing verifiable data for future examination.
Materials and Methods

Reagents
All reagents used were of analytical grade. UBM extraction solutions were prepared according to instructions in the BARGE protocol using deionised water (18.2 MΩ cm;
Millipore, UK). 29 Multi-element calibration standards were prepared on the morning of each analytical run from 10 mg l -1 stock solutions (SPEX Certiprep, Middlesex, UK) using 1% v/v nitric (HNO 3 ) and 0.5% v/v hydrochloric acid (HCl) (Romil, Cambridge, UK). Major elements (Al, Fe, Mg, Ca, Na, K, Ti, Mn, Sr, Ba, Zr) were calibrated using in-house standards prepared from 10,000 mg l -1 mono-elemental stock solutions (Romil, Cambridge, UK).
The ICP-MS was optimised before each analytical run using a 5 µg l and 500,000 counts per second (CPS), which was monitored before the start of each analytical run.
Instrumentation
Analysis of 57 elements was carried out using an Agilent 7500cx ICP-MS fitted with a CETAC ASX-520 autosampler. Sample introduction from the autosampler to the ICP-MS was controlled by a CETAC ASXpress+ vacuum pump. Multi-element quality control (QC) check standards, containing the trace elements of interest at 25 µg l -1
, and a separate major element QC were analysed at the start and end of each run and after no more than every 20
samples. To overcome polyatomic interferences the ICP-MS collision cell was operated in
He mode at a flow rate of 5.5 ml min -1 for all analytes except Se, for which H 2 gas was used at 4.5 ml min -1 due to the more intense interferences experienced with Se as a result of argon (Ar) dimers formed in the plasma. 30 Samples were diluted 100-fold with 1% v/v HNO 3 .
0.5% v/v HCl before analysis. This has the additional benefit of reducing the potential for precipitation of Sn and Ag from solution. Quantitative data analysis was carried out using MassHunter Workstation software (Agilent).
Analytical Performance of 57 Elements
The large amount of elemental data acquired for each run required verification to demonstrate the quality of the ICP-MS analysis. The accuracy of each analytical run was confirmed using three separate in-house quality control (QC) solutions prepared from Over the duration of the study, every element displayed QC data within +/-5% bias for QCA3 ( Fig. 1) and QCBC ( Fig. 2 ) and within +/-2% for QCMaj (Fig. 3 Eu was corrected using a Ba standard at 1000 µg L -1 due to the lower abundance of 137 Ba.
UBM extractions of BGS 102
The standard methodology for the UBM procedure is outlined by BARGE and was used for all extractions. 31 To confirm the accuracy of the extraction procedure, BGS 102 was Simulated digestive fluids, representing saliva, gastric, duodenal and bile, were produced from inorganic and organic reagents and used to replicate the three main compartments of the human gastro-intestinal tract involved in digestion: mouth, stomach and small intestine.
0.6 ± 0.01 g of BGS 102 was accurately weighed in duplicate into 85 ml Nalgene ® oak ridge tubes (Thermo Scientific, UK). Simulated saliva and gastric fluid was added to each tube, the pH was adjusted to 1.2 ± 0.05, followed by one hour of end-over-end agitation in a temperature-controlled water bath held at 37°C. One of the duplicates was extracted through centrifugation at 4500g for 15 minutes (STOM phase), whilst the second was taken through the stomach+intestine extraction using simulated duodenal and bile fluids (pH adjusted to 6.3 ± 0.5 where necessary to account for natural buffering of the sample material).
The stomach+intestine extraction (STOM+INT phase) involved four hours of end-over-end agitation 37°C, followed by an identical centrifugation procedure. For both extractions, 10 ml of the supernatant was collected and preserved with 0.2 ml concentrated (15.9 M) HNO 3 prior to analysis by ICP-MS. Data from an average of 60 separate extraction runs per element have been collated in this exercise, although not all of these were for the full number of elements evaluated in this study. This accounts for the discrepancy between the number of extractions for each phase, which could be misconstrued as manipulation of the data in order to obtain optimum summary statistics.
Results and Discussion
Repeatability of UBM measurements for certified elements (As, Pb)
BGS 102 is certified for As and Pb, therefore both the accuracy and precision of the . The potential for Pb contamination resulting from carryover of high sample concentrations could explain the larger data distribution, particularly as Pb is more mobile in the acidic conditions of the STOM phase.
33
The STOM+INT phase showed a marginally wider distribution for As (n = 77) over a similar number of measurements (3.3 ± 0.4 mg kg -1
), indicating no significant difference in the behaviour of As between the two extraction phases. This observation has been noted in a number of studies and is most likely due to the tendency of As to form anionic species in solution, decreasing the influence of pH on the metal's mobility in solution. 34, 35 In comparison, Pb (n = 56) showed a marked decrease in the measured bioaccessible concentrations due to its lower solubility at the higher pH of the STOM+INT phase. The compiled concentrations ( . In both studies, the UBM method was modified for 0.3 g soil as opposed to the 0.6 g specified in the UBM protocol.
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As is the case with this study, none of the reference values were validated using in vivo techniques. This study provides the first reference dataset for a wider range of elements in a guidance material specific to the UBM method.
The mean concentrations for uncertified elements in both STOM and STOM+INT phases are reported in Tables 1 and 2 respectively.
STOM Phase
Twenty-seven elements, including As, displayed ≤10% RSD, demonstrating good repeatability over the evaluated measurements. A number of these can be highlighted as elements of interest to commercial and industrial sectors, particularly for contaminated land risk assessment and environmental consultancy groups. 37 A further ten elements showed acceptable repeatability (10-20% RSD). Nineteen elements did not meet the repeatability criteria set for this study as the observed concentrations were close to or below the instrumental detection limit, increasing the significance of instrumental noise on the calculated precision. Bioaccessibility testing of these elements would require preparation of additional reference materials or a suite of reference materials.
Sodium (Na), potassium (K) and calcium (Ca) demonstrated good performance data but are also present at consistently high concentrations in STOM phase blanks. These common procedural components can be attributed to the salts used in the preparation of the UBM reagents; as a result their presence in BGS 102 extractions will be due to the fluids and do not reflect the bioaccessible fraction of the element for the guidance material; therefore, Na has been omitted from the list of elements with acceptable performance data (see section 3.4).
STOM+INT Phase
Owing to the higher pH of the STOM+INT extraction phase only four elements demonstrated acceptable reproducibility (<10% RSD). Arsenic was marginally outside of these criteria at 12% RSD over 77 measurements. Arsenic exists as anionic species in solution, therefore pH does not have a significant impact on its mobility. 35 When an element is noticeably affected by the extraction phase pH but demonstrates repeatability in the STOM phase, the STOM phase data is used as a more conservative estimate of bioaccessibility. 38 Similar to the STOM phase, Na and K demonstrated good performance data but are present in the UBM procedural blanks, indicating a significant contribution from the reagents.
Bioaccessible Fractions (%BAF) of Elements in BGS 102
In addition to phase-specific bioaccessible reference values, the percentage bioaccessible fractions (%BAF) was also calculated and assessed for each element across forty separate analytical batches where both mixed acid digestion and bioaccessibility data were available (Table 3) . Results from UBM bioaccessibility tests are most commonly, but not always, 
3.4.
Influence of reagents on performance data
Twenty-four inorganic and organic reagents are used to prepare the extraction fluids for the UBM method, leading to significant reagent concentrations that will bias the performance data for particular elements as the primary component of the measured concentration will be from the extraction fluids as opposed to BGS 102. The high concentrations for Na, K and Ca are immediately apparent as they are present in many of the inorganic salts used (NaCl, KCl, CaCl 2 ), but a more comprehensive assessment of the UBM blanks was performed to establish additional elements with significant concentrations (Table 4) . The bioaccessible concentrations for Na, K, Zn and Se have been retained in Tables 1+2 for   completion only and have been omitted from the lists mentioned in the abstract and conclusion of this publication.
Conclusions
Through repeat UBM extractions and analyses of BGS 102, a framework of reproducible bioaccessibility guidance values have been established for 27 elements in the STOM phase (Mg, Al, Si, P, Ca, Cr, Mn, Co, Ni, As, Rb, Sr, Y, Ba, La, Ce, Pr, Nd, Sm, Eu, Tb, Gd, Dy, Ho, Er, Tm, Yb) and two elements in the STOM+INT phase (Mg, Rb), displaying RSDs of ≤10%
over an average of 60 separate measurements per element. Despite the significance of Pb to bioaccessibility studies, the STOM phase RSD was only just within the 10-20% category.
This could be due to differences in pH control criteria between iterations of the UBM protocol, which has been shown to significantly affect repeatability. 35 Within both phases seven elements that displayed promising performance data are also present at significant concentrations in the UBM extraction fluids, calling attention to the issue of purity when selecting reagents for preparation of synthetic digestive fluids. A number of these elements (Na, Mg, K, Ca) are inherent to the process, but Cu and Zn in particular have a contribution low enough to allow for purer reagents to remediate this issue.
Publication of data from a larger number of elements would allow augmentation of the UBM method with more studies. For example, assessment of intrinsic and extrinsic sources of Fe (e.g. dust on crops) and their respective bioaccessibilities could lead to better estimation of dietary intake. 9 The consequences of rare earth and radioactive element disposal could be explored through bioaccessibility testing, particularly the issue of Th and U contaminated slurry tailings and their environmental impact. 39 This is an area of research that has been neglected by the bioaccessibility community, but could be used to estimate the committed dose, and therefore the radiation risk, associated with ingestion over different timeframes. 
